Abstract: Ligation reactions at the anomeric center of carbohydrates have gained increasing importance in the field of glycobiology. Oxyamines are frequently used in labeling, immobilization, and bioconjugation of reducing carbohydrates. Herein, we present a systematic investigation of these ligation reactions under aqueous conditions. A series of four unprotected monosaccharides (glucose, N-acetylglucosamine, mannose, and 2-deoxyglucose) and one disaccharide (N,N'-diacetylchitobiose) was reacted with three primary and one secondary oxyamine. We monitored the concentrations of the starting materials and products by 1 H NMR spectroscopy and determined reaction times and equilibrium yields. Our experiments show that the outcome of the ligation reaction is not only dependent on the sugar and oxyamine used but also strongly on the reaction conditions. In the case of glucose, lowering the pH from 6 to 3 led to steadily increasing reaction rates, whereas the yields were decreasing at the same time. Variation of the temperature did not only influence the product ratio in equilibrium but can also have a strong impact on the equilibrium yield. In the case of reactions of a primary oxyamine, increased temperatures led to a higher proportion of acyclic products. Reaction of the secondary oxyamine with glucose unexpectedly led to lower yields at higher temperatures.
Introduction
Carbohydrates belong to the structurally most diverse biomolecules and are heavily involved in post-translational protein modifications. [1] The molecular recognition of carbohydrates by proteins is the basis of fundamental biological processes such as fertilization, cell-cell communication, host-pathogen interactions, immune response, and cancer metastasis. [2] To study these recognition processes, methods to efficiently conjugate unprotected saccharides have gained increasing interest. [3] The aldehyde group present in the open-chain form of reducing carbohydrates can serve as a unique functionality enabling chemoselective ligation reactions. This is exploited in ligation reactions of carbohydrates with oxyamines and has been applied to introduce fluorescent tags, [4] to immobilize carbohydrates on surfaces for purification, [5] for the generation of microarrays, [6] and for surface plasmon resonance studies, [7] to functionalize carbohydrates in solution for subsequent immobilization, [8] to modify gold nanoparticles [9] and biomaterial scaffolds, [10] and to generate glycodendrimers, [11] neoglycolipids, [8a] neoglycopeptides and -proteins, [12] and therapeutic agents. [13] During ligations with primary oxyamines 3 the aldehyde of the open-chain form 2 of the carbohydrate is attacked to give hemiaminal 4 (Scheme 1). Subsequent water elimination leads to acyclic oximes 5 (with both an (E)-and (Z)-configuration) that are in equilibrium with cyclic N-glycosides 6 (with a-and/ or b-configuration). All steps during oxyamine ligations are reversible. Carbohydrate-binding proteins often only recognize the cyclic conjugates 6. Consequently, the state of equilibrium is highly important and has been investigated by various groups. Oxime formation was, for example, investigated by HPLC [4a, 8b, 14] or by NMR spectroscopy after a certain reaction time. [7b, 8, 14, 15] These studies, which were carried out under different conditions, showed that the formation of acyclic oximes 5 is favored over cyclic 6, which can be disadvantageous if carbohydrate-protein interactions are to be investigated and equilibration is not possible under the conditions of the binding assay. [8a] Application of secondary oxyamines 7 circumvents this problem because they provide exclusively cyclic N-glycosides (Scheme 1). Therefore, secondary oxyamines have been applied in the preparation of neoglycosphingolipids, [16] therapeutic neoglycoconjugates, [17] in the formation of glycosyl acceptors in enzymatic synthesis, [18] for the immobilization on glass slides, [8b, 19] or in the preparation of mucin analogues. [20] Investigation of reaction products of secondary alkylhydroxylamines 7 showed that cyclic pyranosides 9 and furanosides 10 can be formed depending on the carbohydrate used.
[8b, 16, 17, 19, 21] In some cases, such as glucose and galactose, the N-glycosides are predominantly b-configured, whereas mannose gives both a-and b-pyranosides as well as a-furanosides. The above-mentioned studies were carried out either in aqueous buffers or in organic solvents at different pH values and temperatures. Secondary oxyamines react slower [22] and result in lower yields compared to primary oxyamines. [21a, 23] Consequently, nucleophilic catalysis of secondary (but also primary) oxyamines with aniline derivatives has been investigated. [22, 24] Aniline catalysis improves the reaction rate but the equilibrium state is not affected.
[24a] Besides oxyamines, hydrazides have also been applied in ligation reactions of reducing carbohydrates because they provide almost exclusively cyclic sugar conjugates. [6a, 25] However, due to the lower stability of hydrazones compared to oximes, [26] the use of hydrazides will not be considered here. The reactions of primary and secondary oxyamines have been investigated by various groups under very diverse reaction conditions, for example, in different solvents and at varying temperature and pH. Here, we report the first systematic investigation of kinetics and equilibrium states of oxyaminebased ligation reactions under aqueous conditions. Monitoring the progress of the reaction of primary and secondary oxyamines with a series of unprotected (reducing) sugars by NMR spectroscopy, we were able to follow the consumption of starting materials and the formation of individual reaction products and to determine reaction times and product compositions in equilibrium. We show that the outcome of the ligation reaction is not only dependent on the sugar and oxyamine used, but also strongly on the reaction conditions, specifically pH and temperature.
Results and Discussion
Experimental setup to monitor glycoconjugate formation
To determine kinetics and yields of the reaction between reducing carbohydrates and different oxyamines, we mixed all components in NMR tubes and followed the course of the reactions by 1 H NMR spectroscopy. For calibration of integrals we added [D 4 ]sodium 3-(trimethylsilyl)propanoate-2,2,3,3 (TSP) as an internal standard in a known concentration. A sugar concentration of 36 mm gave sufficient signal/noise ratio within a short measurement time. With this approach we were able to monitor all reactions in real time. Once the equilibrium was reached, all components in the reaction mixture were characterized by homo-and heteronuclear 2D NMR spectra (HSQC, COSY, HMBC, NOESY). To prevent a decrease of pH resulting from oxyamine consumption during the ligation, we carried out the reactions in a deuterated acetate buffer. Initial experiments showed that a buffer concentration of 100 mm was not sufficient to keep the pH constant, especially when working outside the optimal buffer range. For example, starting the reaction of glucose and O-ethylhydroxylamine (ethoxyamine) at pH 4 resulted in a reduced pH of 3 at the end of the reaction. A buffer concentration of 500 mm, on the other hand, provided a stable pH and thus was used throughout all reactions.
We first investigated the reaction of glucose (Glc) with 1.2 equivalents of ethoxyamine 11 at pH 4.5 (Figure 1 A) . 1 H NMR spectra were recorded at defined time points that are exemplarily shown in Figure 1 B. Integration of the recorded spectra allowed us to monitor the decrease of glucose and formation of products over time. Based on the integrals, the corresponding yields were calculated and plotted against the reaction time t as shown in Figure 1 C. Additionally, exponential curve fitting of the data is shown. The appearance of (E)-oxime 12, (Z)-oxime 13, and b-N-pyranoside 14 is shown over time. Formation of the a-N-pyranoside was not observed. Furthermore, the calculated combined yield of 12-14 is depicted. One can clearly see that after 60 h no noticeable change in yields is observed. The obtained curves allowed quantification of the reaction times in the following manner. Since t 0.5 half-lives are not constants for bimolecular reactions but concentration-dependent, we decided to calculate t 0.9 values as a descriptive value of the reaction time under the used conditions. We define the t 0.9 value as the time after which the combined yield reaches 90 % of its maximum obtained in equilibrium. In Figure 1 C we show both the t 0.9 and t 0.5 times. In the depicted example, t 0.5 is 5.47 h, t 0.9 is 19.3 h, and the combined equilibrium yield is 78 %. Scheme 1. Reaction of reducing carbohydrates 1 with primary and secondary oxyamines (3 and 7, respectively) via an intermediate hemiaminal (4 and 8) to give, after dehydration, the respective oximes 5 and N glycosides (6, 9, and 10). The starting material and all reaction products are in equilibrium with each other.
Case study glucose: Influence of pH on reaction time and yield
First, we studied the influence of the pH on the ligation reaction. The reaction of glucose with 1.2 equivalents ethoxyamine 11 at 27 8C was investigated as described above at pH 3-6 (Table 1 and Figure 2 A). Whereas the ratio of acyclic to cyclic products did not change substantially over the whole pH range from 3 to 6, we observed a clear dependency of t 0.9 on pH with faster reactions at lower pH (Table 1 , entries 1-5). For example, the reaction time decreased by a factor of 20 from pH 6 (t 0.9 = 88 h) to 3 (t 0,9 = 4.48 h). In contrast, the combined yield increased drastically with pH from 14 % at pH 3 to 90 % at pH 6. The two opposite effects of pH variation on reaction rate and yield are depicted in Figure 2 B. With respect to yield and acceptable reaction time, pH 5 seems to be the best compromise. Although at a pH of 6 slightly higher yields are obtained, the reaction times become unacceptably long. Therefore, all future experiments were carried out at pH 5.
Jencks reported reaction rates for the reaction of acetone with hydroxylamine at different pH values and found a rate maximum at pH 4.5. [27] This rate maximum was rationalized by the assumption that at higher pH water elimination becomes rate-determining, whereas at lower pH the addition of the oxyamine to the carbonyl group is rate-determining due to protonation of the oxyamine. Interestingly, in the case of glucose, in which a more reactive aldehyde group is attacked, the reaction rate increased steadily until pH 3. Since the combined yield dropped drastically under these acidic conditions, it was not possible to further lower the pH in order to observe a drop of reaction rate after having reached the maximum as expected from Jencks' results. In our case it is not the low reaction rate but the low yield that disfavors such acidic conditions.
Variation of the sugar and oxyamine
Next, we used different sugars in the ligation reaction. Replacement of Glc with N-acetylglucosamine (GlcNAc) resulted in a significantly slower reaction, but no substantial changes in product ratio and yield were observed (Table 1 , entries 4 and 8). A possible explanation could be the altered electronegativity of the C2 substituent (NHAc vs. OH). Therefore, we also investigated 2-deoxyglucose (2dGlc), which lacks an electronwithdrawing group (EWG) at C2. This 2-deoxy sugar resulted in an extremely fast reaction (t 0.9 = 0.81 h, entry 11). With respect to product ratio, the situation is completely different and no cyclic product was observed at all. However, it is not only the presence or absence of an EWG at C2 that influences the outcome of a reaction but also the stereochemistry at C2. Mannose (Man), for example, reacted significantly faster than Glc but not as fast as 2dGlc, and a high acyclic to cyclic product ratio of 18:1 was observed (entry 12). As an example for an oligosaccharide we also investigated N,N'-diacetylchitobiose ((GlcNAc) 2 ) (entry 15). This disaccharide is the terminal structure present in all N-linked glycans and behaves very similar in the ligation with 11 as the monosaccharide GlcNAc with respect to product ratio and equilibrium yield; however, interestingly, the ligation is much faster.
We also checked the influence of the nature of the oxyamine. O-Benzylhydroxylamine 18 generally resulted in similar yields and reaction rates compared to ethoxyamine 11 (Table 1, entries [16] [17] [18] [19] . Also the acyclic to cyclic ratio is similar with slightly higher amounts of the cyclic product. Even more cyclic product (b-N-glycoside) is obtained using 2,2,2-trifluoroethoxyamine 19 (entry 20). However, the reaction is much slower with a 10-fold increased t 0.9 value compared to Glc (entry 4) and also gives a lower yield. In summary, we observed major differences regarding t 0.9 , yield, and also product ratio (acycl/cycl) especially with variation of the sugar.
Variation of stoichiometry and reaction temperature
When carbohydrate ligations are carried out, high yields, short reaction times, and easy product isolation are desired. So far we used only a slight excess of oxyamine (1.2 equiv) facilitating product purification. As expected, increasing the amount of added oxyamine from 1.2 to 2 equivalents led to nearly quantitative yields in less time while the product ratios were not affected (Table 1 , entries 6, 9, and 13). We also carried out the reaction at an increased temperature, which led to the expected acceleration of the reaction. Interestingly, we also observed a significant change in the ratio of acyclic to cyclic products. Carrying out the reaction of glucose and ethoxyamine at 39 instead of 27 8C, we noticed not only a four times faster reaction but also an increase of the acyclic/cyclic ratio from 3:1 to 4.5:1 (entries 6 and 7a). To check if this trend continued, we heated the same sample from 39 to 60 8C and observed that the ratio rose to 6.8:1 (entry 7b). After cooling the sample down to [28] 27 8C, the original product ratio was obtained again. Similar trends were also observed for GlcNAc and Man. In the case of GlcNAc, the ratio increased from 3:1 at 27 8C to 4.8:1 at 39 8C (entries 9, 10a). When the same sample was then cooled down to 21 8C, the ratio dropped to 2.9:1 (entry 10b). A likely explanation for this observation is that the acyclic products are entropically favored because they possess more degrees of conformational freedom than the cyclic forms. Since the entropy term of the Gibbs-Helmholtz equation (DG = DH TDS) is temperature-dependent, it carries more weight at increased temperature resulting in more acyclic products under these conditions. Consequently, one has to keep in mind that a higher temperature leads not only to a faster reaction but also to a bigger proportion of the entropically favored acyclic products.
Ligation with O-ethyl-N-methylhydroxylamine
The experiments with primary oxyamines discussed so far revealed that in all cases the acyclic form predominates. Since protein-sugar binding usually relies on the cyclic structure of the sugar moiety, N-alkyl-oxyamines are often utilized for sugar ligation reactions because the products can only exist in the cyclic form (Scheme 1). For a better understanding of this reaction we employed the secondary O-ethyl-N-methylhydroxylamine 20 and reacted it with several sugars (Table 2) . First, we treated glucose with 1.2 equivalents of 20 at pH 3-6 at 218C (Table 2 , entries 1-5). In all cases, only the b-N-pyranoside was formed. We observed the same trend with respect to reaction speed and yield as in the reactions of ethoxyamine 11 with glucose. Yields ranged from 45 % at pH 6 to hardly any product formation at pH 3. At the same time, t 0.9 dropped by a factor of 20 from 673 (pH 6) to 33 h (pH 3). Compared to primary oxyamine 11, the reaction of secondary oxyamine 20 is significantly slower and gives considerably lower equilibrium yields. As in the experiments with 11, all further experiments were carried out at pH 5.
Since the reaction times of Glc with 20 were unacceptably high, we elevated the temperature to 39 8C in order to accelerate the reaction. As expected the reaction proceeded faster, and t 0.9 decreased from 151 to 19.3 h ( Table 2, entries 4 and 6) . Surprisingly, we observed a remarkably decreased yield from 37 % at 21 8C to 29 % at 39 8C at the same time. When we increased the amount of 20 to two equivalents, the reaction time decreased (t 0.9 = 17.3 h) and the yield improved to 43 % (entry 7a). To verify the influence of the temperature, we heated the same sample to 60 8C, which was accompanied by a decline in equilibrium yield from 43 to 30 % (entry 7b). When the same sample was cooled down to 21 8C, the equilibrium yield rose again to 51 % (entry 7c). However, equilibration took 20 days at this temperature. These experiments demonstrate that an elevated temperature is only advantageous with respect to the reaction time, whereas reaction yield is significantly reduced. This lowered yield can of course be compensated by using a larger excess of secondary oxyamine.
In experiments with GlcNAc instead of glucose and two equivalents of 20 at 39 8C, the reaction took much longer and the yield was lower ( Table 2 , entries 7a and 8). Similar to the trend observed with ethoxyamine 11, the reaction of 20 with 2-deoxyglucose gave the highest reaction rate and the best yield (entry 9). The reactivity of mannose (entry 10) is between that of glucose and 2-deoxyglucose, but in this case we observed three different products. Major products were the aand b-N-pyranosides that were distinguished by their 1 J C1ÀH1 coupling constants with the a-anomer displaying a larger coupling constant than the b-anomer. [29] As minor product the N- [a] a N glycopyranoside/b N glycopyranoside/a N glycofuranoside.
[b] Errors determined according to the guide to the expression of uncertainty in mea surement. [28] [c] Combined equilibrium yield.
furanoside with assumed a-configuration [17] was obtained. The combined yield for this sugar was with 20 % the lowest. Again, the disaccharide N,N'-diacetylchitobiose (entry 11) gave similar results as GlcNAc. In this case, however, the reaction was slightly slower.
Although the secondary oxyamine 20 resulted in lower yields, these numbers are still higher than the absolute yield for the cyclic products obtained using ethoxyamine 11. For example, secondary oxyamine 20 gave 43 % of b-N-pyranoside when reacted with glucose at 39 8C (Table 2 , entry 7a). Primary oxyamine 11 on the other hand gave only 17 % of b-N-pyranoside under the same conditions (Table 1, entry 7a ). In the case of mannose, the difference is even more pronounced. Whereas the reaction of 20 gave 12 % a-and 5% b-N-pyranoside ( Table 2 , entry 10), the proportion of a-N-pyranoside for the reaction of 11 with mannose under the same conditions is only 5 % (Table 1, entry 14) .
Conclusion
In summary, we have presented a systematic investigation of the ligation reactions of unprotected (reducing) carbohydrates and several oxyamines under equilibrium conditions. Using NMR spectroscopy, we determined both equilibrium yields and t 0.9 times as a practical measure of reaction rates. We found that stepwise lowering the pH from 6 to 3 led to steadily increasing reaction rates, whereas the yields were decreasing at the same time. This trend was observed for both primary and secondary oxyamines. Carrying out the reaction at pH 5 turned out to be the best compromise between reaction time and yield. Accordingly, all subsequent reactions were carried out at pH 5. Thought of as a means to optimize the reaction performance, we found that an increased temperature is not always advantageous. In the case of primary oxyamines, the acyclic/cyclic product ratio increased at higher temperatures, which was observed for several carbohydrates. For the reaction of glucose with ethoxyamine 11 the ratio shifted from 3.0:1 at 27 8C to 6.8:1 at 60 8C. In the reaction of the secondary oxyamine 20 with glucose, even more strikingly, higher temperatures led to a pronounced decrease of the equilibrium yield from 51 % at 21 8C to 30 % at 60 8C.
Variation of the carbohydrate resulted in significantly altered reaction rates and product ratios at equilibrium, whereas variation of the oxyamine had only a limited influence. In general, the acyclic ligation products are predominantly formed. In case of Glc and GlcNAc, we observed an acyclic/cyclic ratio of 3:1, which is in line with earlier reports. [7b, 8, 9] Similar results were obtained with N,N'-diacetylchitobiose. Interestingly, the application of Man led to a significantly increased ratio of 18:1 and in the case of 2-deoxyglucose, no cyclic product was formed at all. A higher proportion of cyclic ligation product could be obtained employing 2,2,2-trifluoroethoxyamine 19; however, this was at the expense of the reaction rate. The only way to confine the product portfolio to cyclic compounds is the application of secondary oxyamines. Using O-ethyl-N-methylhydroxylamine 20, we could show that under the same reaction conditions t 0.9 times were drastically larger and yields of glycoconjugates significantly lower compared to primary oxyamine 11. Nevertheless, these yields of exclusively cyclic products are still higher compared to the proportion of cyclic products obtained with ethoxyamine 11. Our investigation provides a deeper insight into the equilibria occurring during oxyamine-based ligation reactions of reducing carbohydrates. Since this reaction is gaining increasing interest for the study of the biological roles of carbohydrates, we expect our results to be of value for planning future experiments in this field.
Experimental Section
Deuterated acetate buffer (500 mm) containing 2 mm TSP To prepare 10 mL buffer, the required ingredients (TSP and CD 3 COOD) were dissolved in 8 mL D 2 O. Subsequently, the pH was adjusted with NaOD in D 2 O to the desired value and the solution diluted to a final volume of 10 mL with D 2 O. To determine the pH, a pH-meter that had been calibrated in non-deuterated buffers, was employed. The value pH* displayed by the instrument, was converted to the real pH according to the formula pH 0.9291 pH* + 0.421. [30] Oxyamine stock solution Stock solutions (240 mm) of the primary or secondary oxyamines, sometimes bought as free amine or the HCl salt, were prepared in deuterated acetate buffer (500 mm, 2 mm TSP). After dissolution, the pH was readjusted to the desired value with DCl or NaOD in D 2 O.
NMR monitoring of the reaction of oxyamines with reducing carbohydrates
The reducing carbohydrate (18 mmol) was dissolved in oxyamine stock solution (90 mL corresponding to 1.2 equiv of oxyamine or 150 mL corresponding to 2 equiv) and deuterated acetate buffer was added to give a total volume of 500 mL. The reaction mixture was transferred into a 5 mm NMR tube and the reaction was followed by 1 H NMR spectroscopy. Spectra were recorded with 4 scans and a pulse angle of 308. A relaxation delay of 20 s was used, corresponding to more than 5 times T1 (cf. Supporting Information). After the equilibrium had been reached, signals of the reaction mixture were assigned by 2D NMR spectroscopy (COSY, HSQC, HMBC, NOESY).
For integration of 1 H spectra, only well-separated resonances were used. The integrals were converted to concentrations using the known concentration of added standard (TSP). Combined yields of products were plotted against time and an exponential regression (y y 0 + Ae(R 0 x)) using Origin 9.0 was carried out to determine t 0.9 and t 0.5 values. Errors were calculated according to the guide to the expression of uncertainty in the measurement (GUM). [28] 
